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Ti–HAPbiocomposites are gained attention for combining the attractive properties of
Ti and hydroxyapatite (HAP). However, the decomposition of HAP at elevated
processing temperatures is a major concern since it can lead to structural flaws and
may deteriorate the corrosion resistance of Ti. The present study aims to investigate
the corrosion behavior of Ti–HAP composite processed by powder metallurgy by
performing potentiodynamic polarization and electrochemical impedance spectros-
copy in 0.9 wt%NaCl solution at body temperature. Results show that the presence of
Ti lowers the HAP decomposition temperatures resulting in the formation of HAP-
depleted zones acting as electrochemically active sites, decreasing the corrosion
resistance.
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1 | INTRODUCTION
Owing to its similar chemical and crystallographic structure to
the bone mineral, hydroxyapatite (HAP) has a strong chemical
bonding ability to bone. However, its poor mechanical
properties limit the use of HAP on load-bearing implants. As
contrary, Ti and its alloys have good mechanical properties, in
addition to their excellent electrochemical properties, however,
its bio-inertness is a clinical concern.[1–4] Traditionally, HAP
was used as a coating material applied on Ti substrates by
various techniques for enhanced bioactivity. However, failure at
the metal–coating interface, consequent formation of HAP
debris, and their possible contribution to wear of the implant as
third-body particles are some major concerns.[5,6]
Ti–HAP biocomposites are considered as an alternative
solution to combine the attractive properties of Ti and
HAP.[3,6–8] Several studies are available in the literature
investigating these biocomposites in the form of homogenous
composites,[3,6,7,9–17] functionally graded materials
(FGM),[18–21] and homogenous or graded composite coat-
ings.[2,4,22–31] Within these studies, powder metallurgy (P/M)
was the most popular route to process bulk composites,
whereas plasma spraying and sputtering were the most
popular routes to process composite coatings. However, one
of the major concern within all the processes requiring
elevated temperatures is the stability of the HAP during
processing.[10]
It has been reported that transformations occur in HAP at
elevated temperatures through two stages including expulsion
of water yielding the formation of oxyapatite followed by its
decomposition resulting in the formation of calcium
phosphates.[32–34] Various decomposition temperatures
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were reported in the literature, which have been stated to be
affected by several factors including the purity of HAP,
atmosphere or water vapor pressure.[32,33,35]
Several researchers reported that dehydroxylation and
decomposition of HAP are accelerated in the presence of Ti,
and it can be started at temperatures as low as 800 °-
C.[8,10,21,35,36] Weng et al.[36] sintered Ti–HAP composites in
vacuum and reported that Ti catalyzed the thermal decompo-
sition of HAP, where HAP started to decompose at 800 °C
with the formation of α-tricalcium phosphate (Ca3(PO4)2),
and tetracalcium phosphate (Ca4P2O9). As the temperature
increased, these processes were intensified but no other
phases were reported. Yang et al.[37] also studied the
interaction between Ti and HAP at 1100 °C in vacuum, on
the compacted powders containing 80 and 90 wt% HAP and
reported the formation of the decomposition products of α-
tricalcium phosphate, tetracalcium phosphate, and calcium
titanium oxide (Ca2Ti2O5), where no metallic Ti was
observed after processing. Ye et al.[10] processed pure HAP
and Ti–50 wt% HAP composites by sintering under argon
atmosphere at temperatures between 800 and 1200 °C, and
explored the decomposition behavior by using Fourier
transform infrared (FTIR) spectroscopy. The authors did
not observe a decomposition on the pure HAP, whereas, on
the composites, decomposition of HAP was observed even at
800 °C, where the dominant decomposition products were
reported as tetracalcium phosphate and calcium oxide (CaO),
but the presence of calcium titanate (CaTiO3) was also
observed. Balbinotti et al.[14] produced Ti–5 wt% HAP
composites by sintering under argon atmosphere at 1200 °C
and reported that decomposition started at approximately
1026 °C resulting in the formation of the crystal phases
calcium titanate, tricalcium phosphate, TixPy, along with α-
Ti. Zhang et al.[7] produced Ti–(5–30 wt%) HAP composites
by spark plasma sintering (SPS) and space holder technique at
1200 °C. The authors reported calcium titanate, tricalcium
phosphate, and TixPy interaction phases, together with pure Ti
and TiO2. Ning and Zhou[6] processed Ti–50 vol% HAP
composites by sintering under argon atmosphere at 1200 °C
under 20MPa pressure, and reported the presence of
crystalline phases calcium titanate, calcium oxide (CaO), a
TiP-like phase, together with α-Ti and Ti2O, on the as-
processed samples. However, the authors also stated, based
on the additional experiments performed on the samples
sintered at 1000 °C, that the reactions resulting in the
formation of those phases also occurred at this temperature.
Bovand et al.[16] produced Ti–(10 and 30 wt%) HAP
composites by milling in a planetary mill and sintering at
1150 °C under argon atmosphere and reported for the as-
sintered structure the crystal phases of calcium titanate,
tricalcium phosphate, and Ti5P3, along with Ti.
Decomposition of HAP may lead to a porous structure
either by the dissolution or pulling out of the brittle
phases.[3,6,13] This porous structure may affect the corrosion
behavior of the composites and, therefore, eventually increase
the ion releasing, which is a major concern for metallic
implant materials since it can result in severe health
complications, as well as failure of the implant.[38–40]
Therefore, this work aims to have a preliminary insight on
the effect of HAP decomposition on the electrochemical
behavior on Ti–HAP composites.
2 | MATERIALS AND METHODS
Angular shaped Ti particles (Grade 2, Alfa Aesar) and
spherical shaped HAP particles (nanoXIM-HAp403 Moreira
da Maia, Portugal) were used as raw materials. The particle
size distributions obtained by a laser particle analyser
(Malvern Series 2600) are given in Table 1.
Titanium and HAP powders were mixed together with
PVA (0.4 vol%) in a ball mill containing alumina balls rotated
at 130 rpm during 4 h in argon atmosphere. The powder
blends were compacted in a zinc stearate lubricated stainless
steel die under a uniaxial pressure of 350MPa applied for
2 min. Ti and Ti–5 vol% HAP green compacts were subjected
to a dilatometric analysis by applying a heating rate of
5 °Cmin−1 under high purity Ar atmosphere (Linseis, mod.4
L70-2000).
For processing, the powder blends were prepared and
compacted by following the same procedure as preparing the
dilatometry samples, but using a nitrided stainless steel die.
Cylindrical green compacts 12 mm in diameter and 5 mm in
height were pre-heated in argon atmosphere at 400 °C during
4 h for binder removal, and sintered in a horizontal tubular
furnace under high vacuum (<10−5 mbar) during 3 h with
5 °Cmin−1 heating and cooling rates. In addition to Ti–5 vol%
HAP (Ti–5HAP) composites, unreinforced Ti samples were
also produced by following the same route, to be used as the
control group in the electrochemical tests. Based on the
dilatometric study, the sintering temperatures were selected
as 1100 and 1300 °C for Ti and Ti–5HAP composites,
respectively.
Microstructures were characterized by using a Leica
DM2500 optical microscope (OM) and a FEI Nova 200 field
emission gun scanning electron microscope (FEG-SEM),
equipped with EDAX-Pegasus energy dispersive X-ray
spectroscopy (EDS). Phase analysis was carried out by
XRD using a Bruker D8 Discover diffractometer equipped
TABLE 1 Particle size distribution
Material D [v,0.1] D [v,0.5] D [v,0.9]
Ti 10.42 25.33 43.47
HAP 2.44 8.34 22.11
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with a Cu Kα radiation source. Since it was difficult to detect
the lower amounts of the interaction products by XRD
on Ti–5HAP samples, Ti–50 vol% HAP composites
(Ti–50HAP) were also processed under identical conditions
to Ti–5HAP composites for the structural analysis. Moreover,
pure HAP powders were also sintered under identical
conditions to the composites for structural comparison.
Electrochemical tests were performed in a conventional
three-electrode electrochemical cell (adapted from ASTM:
G3-89) containing 180 ml of 0.9 wt% NaCl electrolyte, a
reference electrode (saturated calomel electrode, SCE), a
counter electrode (Pt electrode), and the working electrode
(samples having an exposed area of 0.38 cm2). The
electrochemical cell was placed in a thermal bath in order
to perform the tests at body temperature (37 ± 2 °C) and
connected to a Gamry Reference 600 Potentiostat/Galvano-
stat/ZRA. Electrochemical impedance spectroscopy (EIS)
measurements were executed after stabilization at open
circuit potential (OCP) during 2 h by scanning a range of
frequencies from 63 kHz till 10 mHz, with 10 points per
frequency decade, with 10 mV amplitude of the sinusoidal
signal. Potentiodynamic polarization tests were performed
between −0.9 and 1 VSCE with a scanning rate of 1 mV s−1.
3 | RESULTS AND DISCUSSION
Figure 1 presents the dilatometric curves for Ti and Ti–5HAP.
Both curves presented very similar behavior until around
860 °C without any significant dimensional changes. After-
wards, the shrinkage rate increased abruptly for Ti, and
presented the maximum values between 1080 and
1220 °C.[38] The curve for Ti–5HAP exhibited a significantly
different behavior for temperatures above approx. 860 °C. In
the literature, different dilatometric curves were reported for
HAP compacts. Several authors reported that HAP begins to
be sintered at the temperatures between 700 and 800 °C,[41–46]
and several sintering temperatures between 1050 and 1250 °C
were suggested by combining the dilatometric analysis with
other characterization studies.[43–45,47,48] Zhang et al.[45]
reported that large shrinkage in the temperature range of
1000–1200 °C corresponds to a higher sintering rate,
followed by a soaking period at 1250 °C where densification
proceeded with a very slow sintering rate. Therefore, when
dilatometric curve of the Ti–5HAP composite (Figure 1) is
considered together with the reported results in the literature,
it might be suggested that the decrease observed on the
shrinkage rate after about 915 °C may be related to the
dehydration of HAP.[45] Afterwards, as in accordance with
Zhang et al.,[45] large shrinkage was observed between 990
and 1275 °C. After this point, sintering proceeded with a
slower rate without presenting any peak on the shrinkage rate
until the maximum testing temperature of 1400 °C. However,
a noticeable slope was observed on the curve near 1300 °C.
Thus, sintering temperature was selected as 1300 °C for the
Ti–HAP composites.
Figure 2 presents the lowmagnification OM images taken
from sintered and polished Ti and Ti–5HAP surfaces.
Unreinforced Ti samples presented residual porosity (black
dots on Figure 2a) typical in conventional powder metal-
lurgy.[38,49] Ti–5HAP composites, on the other hand,
presented reasonably homogenous distribution of the HAP
particles and/or HAP-depleted zones (dark phases on
Figure 2b).
Figure 3 presents higher magnification OM images, as
well as SEM images in secondary electron (SE) and
backscattered electron (BSE) modes, showing HAP-depleted
zones, together with the EDS analysis taken from the HAP-
depleted zone. EDS spectrum presents strong peaks of Ti and
P, together with weak peaks of Ca. As previously reported in
the literature, the HAP-depleted zone may be caused by
pulling-out of brittle reaction phases during polishing.[3,14]
Figure 4 represents XRD spectra of raw HAP powders,
sintered HAP, and Ti–50HAP composites. Both raw HAP
powders and sintered HAP presented only HAP peaks on the
spectra (card number of 00-055-0592). Even so, sharper peaks
were observed on the sintered powders suggesting that the
sample was highly crystalline. Ti–50HAP samples, on the
other hand, exhibited the crystal phases of Ti, HAP, TiO,
Ca4Ti3O10, TixPOy, and P3Ti5 (card numbers of 00-044-1294,
00-055-0592, 01-071-5272, 00-014-0152, 01-087-2178, and
00-045-0888, respectively).
Figure 5 shows the representative potentiodynamic
polarization curves for the unreinforced Ti and Ti–5HAP
composite, and Table 2 presents the corrosion potential
(E(i= 0)) and passivation current density (ipass) values derived
from the curves, together with the icorr values obtained by
Tafel extrapolation. It can be observed that the unreinforced
Ti samples exhibited a well-defined passivation plateau,
whereas gradual increases on the anodic current densityFIGURE 1 Dilatometric curves of Ti[38] and Ti–5HAP
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values were observed on the composite samples at the passive
region. This behavior on the composite samples may be
attributed to the local active areas formed on the gaps between
matrix and the remaining of the ceramic phases, or to the
heterogeneities of the oxide film on the HAP-depleted zones.
It has been reported for metal matrix composites (MMCs) that
discontinuities between matrix and the reinforcement may
cause formation of locally activated sites.[50–55] Even so, Ti–
5HAP composite samples presented slightly higher E(i = 0)
values as compared to the unreinforced samples, which can be
attributed to the reduced exposed metallic area due to the
presence of the ceramic phases, that had also been reported in
the literature for several MMCs that can result in a shift on the
corrosion potential values to more noble values.[50,52,56–58] In
order to have a further understanding of the locally activated
sites on the composite samples, EIS studies were performed.
Figure 6 gives the representative EIS spectra in the form
of Nyquist and Bode diagrams. Nyquist diagram (Figure 6a)
exhibited a smaller diameter of the semi-circle for Ti–5HAP
composite samples, as well, Bode diagram presented lower
values of |Z|f→0 as compared to the unreinforced sample,
indicating lower corrosion resistance on the composite sample.
On the other hand, unreinforced samples presented phase angle
values around−83° in low andmiddle frequency ranges, close
to the typical capacitive oxide film formed on the Ti surfaces,
whereas the phase angle values were lower for the composites,
approaching to maximum values around −72°.
Figure 7 shows the equivalent electrical circuits (EECs)
that were used to fit the experimental data for Ti and Ti–
5HAP composite. A modified Randle's circuit was used for
the unreinforced Ti (Figure 7a) represented by the native
oxide film on the surface in contact with the electrolyte, which
is the typical EEC used in the literature for commercial pure
Ti, composed of Re (electrolyte resistance), Rox (native oxide
film resistance), and Qox (native oxide film constant phase
element, CPE) due to the non-ideal capacitance of the native
oxide film. This circuit was not able to represent Ti–5HAP
composite, thus, the EEC shown in Figure 7b was used for the
composite, containing additional circuit elements represent-
ing the electrochemical activity taking place in the HAP-
depleted zones, namely R0e, representing an additional
electrolyte resistance, Rct, representing the charge transfer
resistance, and Qdl, representing the non-ideal capacitance of
the electric double layer.Rox is removed from the EEC since it
tended to be extremely high thus not allowing conduction of
electrons.[51]
The fitting was performed using Gamry Echem Analyst
software (version 5.61) where CPE was used for allowing the
deviation of ideal behavior of a capacitor. The impedance of





where Y0 is a frequency-independent constant, j ¼ $ 1ð Þ1=2,
w is the angular frequency, and n is the fractional exponent
representing irregularities of the surface.[59–61] When n ¼ 1,
the response of CPE corresponds to a capacitor whereas when
n≈1, CPE is considered as a non-ideal capacitor, where n
values are affected by surface roughness and heterogeneities.
FIGURE 2 Low magnification OM images of a) Ti and b) Ti–5HAP
FIGURE 3 a) OM and b) SEM image of the Ti–5HAP composite; c) EDS spectrum taken from the HAP-depleted zone presented on (b)
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The proposed models assumed to describe adequately the
behavior of the unreinforced Ti and Ti–5HAP composite
since the goodness of fitting were below 10−4. Table 3
presents the EEC parameters obtained from EIS data where Q
values were converted to C (capacitance) by using Eqs. (2)
and (3) derived from Brugg's equation.[62]
Cox ¼ QoxRe 1$ nð Þ
h i1
n ð2Þ
Cdl ¼ QdlðRe þ R0 1$ nð Þe Þ
h i1
n ð3Þ
Cox values obtained from Ti–5HAP samples presented
clearly higher average values suggesting lower quality of the
native oxide film formed on Ti–5HAP sample surfaces in
contact with the electrolyte. Besides, lower nox values
obtained from Ti–5HAP samples pointed to heterogeneities
on their surfaces. As it was discussed above, within the testing
temperature range, the dilatometric curve of Ti–5HAP did not
present a peak pointing to the maximum shrinkage rate. Thus,
apparently the addition of HAP particles, and their
decomposition during processing changed the sintering
kinetics, which may create differences on the matrix surfaces,
such as uncompleted sintering, and therefore, may affect the
properties of the native oxide film formed on the matrix
surfaces. Nevertheless, the biggest difference on the
electrochemical response between Ti and Ti–5HAP samples
was caused by the HAP-depleted zones on the composite.
First, the pores formed after HAP decomposition led to obtain
an additional electrolyte resistance on these zones.[51,52] More
importantly, as represented on the EEC (Figure 7b) by the
Rct/Qdl couple, local active areas were characterized on the
HAP-depleted zones. Although ndl presented lower values as
compared to nox values obtained from both samples,
indicating more heterogeneous surfaces on the HAP-depleted
zones, Cdl and Rct values were close to Cox and Rox values of
Ti samples, respectively. Therefore, although a dense and
compact film was not formed on the metallic surfaces
between the HAP remnants or decomposition products
(Figure 7), apparently, these sites contributed to the overall
corrosion resistance.[63]
When immersed to electrolytes containing organic ions,
Ti is able to naturally form calcium phosphates on its passive
film. Hanawa and Ota[64] reported that the calcium phosphate
can exist on the surface as islands deposited on the titanium
oxide. Accordingly, it may be speculated that the electro-
chemical activity found on the HAP-depleted zones may be
related to such a heterogeneous film also often disturbed by
the ceramic phases of HAP remnants or HAP decomposition
products. However, it is clear that further characterization
studies of these zones need to be done by transmission
electron microscopy (TEM) and X-ray photoelectron spec-
troscopy (XPS). Furthermore, ion releasing on the HAP-
depleted zones should be quantified and biological response
of these surfaces should be studied. On the other hand, one of
the certain limitations of the present work was to perform
XRD analysis on the Ti–50HAP samples (in order to have a
better quantification of the decomposition phases), whereas
electrochemical studies were performed on the Ti–5HAP
TABLE 2 Electrochemical values obtained from potentiodynamic polarization curves
Samples E(i= 0) (mV vs. SCE) icorr (μA cm−2) ipass (μA cm−2)
Ti −428 ± 81 − 5.75 ± 0.70
Ti–5HAP −377 ± 32 0.15 ± 0.03 −
FIGURE 4 XRD spectra of a) raw and b) sintered HAP powders,
together with c) Ti–50HAP composites
FIGURE 5 Representative potentiodynamic polarization curves
for Ti and Ti–5HAP composite samples in 0.9 wt% NaCl
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samples. Thus, HAP decomposition and its influence on the
electrochemical and biological properties should be studied as
a function of the reinforcement volume fraction. Finally, since
these surfaces can be a candidate for load-bearing dental and
orthopaedic applications, tribocorrosion behavior should also
be evaluated.
4 | CONCLUSIONS
Within the framework of this study, it can be concluded that
the decomposition of HAP led to the formation of HAP-
depleted zones having discontinuous ceramic phases con-
taining Ca and P. These zones resulted in an inferior corrosion
behavior evidenced by gradual increases of the current
density values on the passive zone of the polarization curves.
Further electrochemical analyses by EIS showed lower |Z|
values for the composite samples and revealed a local
electrochemical activity on the HAP-depleted zones by a
presence of an additional electrolyte resistance, charge
transfer resistance, and non-ideal capacitance of the dou-
ble-layer.
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